Abstract. This paper is part of the development process of a microsurgical "cooperating" assistant. To evaluate its applicability to augment fine surgical motions, we test precision and operator perception in simple microsurgical scale pick and place motions. Such motions are common in microsurgical procedures(e.g. micro-vascular anastomosis). The experiments test the users' ability to position a common surgical tool to 250, 200 and 150 micrometer accuracy. These experiments were performed using two test platforms. The new "steady hand" robot designed for microsurgery and the LARS robot (a laparoscopic camera holding robot) adapted for this purpose. Comparative results for several parameters including time, success rate, error rate, number of attempts are included. Comparison of performance of the two robots for these tasks is also included. The results support our claim that the new "steady hand" robot augments human performance for microsurgery-scale motion
Introduction
For the purpose of microsurgical applications, cooperative control systems promise significant advantages. A "steady hand" robot (e.g. [1] ) can provide guidance, and enforce safety constraints. It can also use compliance models taking into account procedure-specific issues such as tissue properties and thereby provide tactile sensing for the human surgeon. A cooperative control system has the advantage of integrating safety and information integration into the procedure without taking away control from the human surgeon. This allows the surgeon's superior intelligence and experience to be used with greater precision and safety than before.
A first step towards cooperating could be tremor reduction with a stiff robot. If such a system only is used to position surgical tools at the surgical site, the performance of the system would depend upon the performance of the robot and ease of use We discuss use of tremor reduction to increase accuracy of pick-and-place motions at the limits of human motor motion. These motions are required e.g. for micro-vascular surgery when small blood vessels are anastomosed. The task of anastomosis often involves the use of a very fine suture which is attached to a correspondingly small needle. The needle guides the suture material in and out of the vessel wall as the ends of the blood vessels are physically conjoined. Binocular magnification provides clear detail of the vessels and sutures but has little effect on the natural tremor of the surgeon. When the size of these tasks approaches the limit of human dexterity(10s of micrometers), tremor-reducing devices may provide benefit.
Previous Work
Lengthy procedures that require fine resolution motions are good candidates for robotic assistance ( [2] , [3] , [4] ). Other minimally invasive tasks ( [5] , [6] ) limit visual and proprioceptive feedback. Automation has already been applied in several procedures ( [7] , [8] ) in neurosurgery. Other microsurgical fields have also seen increasing use of computer and imaging technology. Troccaz ([9] ) designed a system that used a passive robotic arm to provide guidance with dynamic constraints. ACROBOT (Davies, [10] ), Cobots (Peshkin, [11] ) are other examples of synergistic systems. Active tremor cancellation ( [12] ), an alternative to passive compensation is also being investigated. Analysis and representation of tactile properties of tissues ( [13] ) and development of better tactile guidance systems are also current topics of research ( [14] ). Use of force and tactile feedback for guidance in simulators ( [15] ) and real robotic systems ( [16] , [17] , [18] ) has also been published previously. Master-slave systems have been previously designed for use in microsurgical procedures ( [19] , [20] ) and evaluated ( [21] , [22] ). Human performance issues in these surgical procedures have also been studied ( [23] , [24] ). Most performance evaluation studies of microsurgical tasks use time of completion as a major indicator ( [25] , [26] , [27] ). Simulators have also been used to compare/assess surgical skill ( [28] ). Since complex microsurgical tasks are difficult to quantify automated performance comparisons in the past have used visual inspection by the experimenter (e.g. [22] ) or an observer. Authors have also previously looked at comparative performance issues ( [29] ).
Methods and Materials

Hardware
We use the new "steady hand" robot ( [1] ) as the first platform for these experiments. Designed for microsurgical applications this is a 7-degree-of-freedom manipulator. It has 3 XYZ translation stages at the base for coarse positioning, two rotational degrees of freedom at the shoulder (the RCM linkage, [30] , [31] ), an instrument insertion and an instrument rotation stage. The instrument rotation stage was not used for this experiment. A force sensor (ATI Industrial Automation Inc.) is built in the endeffector. This force-sensor can be used to make the robot move in compliance to forces applied at the end-effector. This robot has a remote center of motion. It has an overall positional accuracy of 10s of microns. It is a stiff and slow robot.
The second platform for these experiments was a LARS robot( [32] ). Designed for camera holding applications in laparoscopic surgery, LARS is a 7 degree-of-freedom manipulator. It has three translation stages at the base, two rotational degrees of freedom at the shoulder, an instrument insertion stage and an instrument rotation stage. LARS also has a force sensor built in the end-effector. LARS also has a remote center of motion. The robot has a stage resolution of 50 microns, and overall positional accuracy close to 100 microns. LARS is a slow robot and its upper linkages have only limited stiffness.
Software
The new "steady hand" robot uses a PC based controller system consisting of a DSP card for servo control and WIN32 operating system for application development. The modular robot control(MRC) library developed at JHU provides Cartesian level control. The application for these experiments was written using the library. LARS is controlled by a dedicated PC controller, and a more powerful remote PC computer networked to this controller provides the user and application interface.
We compare the accuracy and reliability of performing a highly precise task (repeated placement of microsurgical needle into various sizes of holes (250um, 200um, 150um) under magnified vision at 40-fold magnification). The experiment is performed by six users with and without the aid the robot as well as by the robots alone. The goal is to analyze long-term performance under the human stress-situation of working at the border of motor-space-resolution against time, while avoiding mistakes. Parameters are time to completion and number of errors per unit of time, or number of completed tasks in a given time vs. number of mistakes.
The experiment was performed using common microsurgical tools and a datum surface. The surgical tool was a commonly used 10-0 microsurgical needle held with the help of a needle holder. The datum surface consists of a sandwich of two metallic sheets separated by an insulating surface. This sandwich contains patterns of holes of the same size placed 8 and 2 mm apart in interleaved fashion. These were duplicated for the three different sizes of the holes (250, 200 and 150 microns). The lower sheet is the success surface, and the upper the error surface. Both surfaces are connected to I/O lines of the robot, and so is the microsurgical needle. Any closure of circuit generates a success or error event. An accounting algorithm keeps track of successes and errors. The thickness of the upper (error plate) is 100 microns, and the insulating surface is 50 microns thick. This makes the holes 150 microns deep. Up to 40 fold magnification microscope was used as a visual aid for the experiment. Three different versions of the pick-and-place experiments were performed. These versions were
1.
Unassisted Series -the surgeon used only the conventional techniques to perform the pick-and-place operations 2.
Hand Held Series -the needle holder was attached rigidly to the force sensor at the end-effector of the robot. The robot complied to user applied forces 3.
Autonomous Series -the robot is registered to the plates and performs the task autonomously.
Autonomously, the robot was registered to eight corner holes of the pattern and interpolated the location of the rest. The users performed each of the first two modes of the experiment for a fixed interval of time. The robot was programmed to attempt pick-and-place operations for the same interval of time. Data collection was automatic as the accounting algorithm monitored the digital inputs of robot to which the error and data surfaces were connected.
Results
Six different users performed the experiments for each robot. The hand-held manipulator version of the experiment resulted in better average success percentage than the conventional procedure performed by unaided user for the LARS robot. The LARS robot performed consistently with the same accuracy and better than all the three other modes for 200 and 150 microns autonomously. For the new "steady hand" robot, the robot outperformed all other modes and made very few mistakes. Users found both robots easy and convenient to use. Table 1 . Comparison of performance in the three modes. The success rate (in %) for microsurgical pick and place operations is given above. The new steady hand robot significantly improves the success rate for both assisted and autonomous modes. Table 2 lists the number of erroneous attempts. For LARS robot, the total number of attempts as well as the average success percentages decreased with decreasing hole size, except autonomously where the LARS robot performed the same number of attempts with decreasing number of successes. This could be attributed to increase in the difficulty of the task with decreasing hole diameter.
LARS
For the new "steady hand" robot, the number of attempts, and success percentage remained approximately constant. This is because of superior accuracy of the robot, so the decreasing size of holes did not pose a significant problem. The new "steady hand" robot-human system therefore has a better accuracy than measured using untrained, unskilled users in this experiment. Further tests will need to be conducted with smaller motions and skilled, trained users to better estimate the accuracy of the system. Table 3 compares the total number of attempts for various modes of the experiment and table 4 shows average times between attempts. The larger time required for the new "steady hand" robot is expected in part due to the simple force proportional velocity control used. However, given the superior success rates, in this case slow motion is justified. Table 3 . Total Number of attempts for the experiment. These are average number of trials completed over 10 minutes.
For autonomous series, LARS could not be programmed to go any faster and still achieve good results because of its limited accuracy. The new "steady hand" robot is faster than all other modes of the experiment. The mistakes made by the robot autonomously are due to the simple control (PD control for positioning), and manufacturing tolerances in the datum grid.
Discussion and Conclusions
Present experience shows that the robotic system is less prone to mistaken movement patterns and can perform the given task repeatedly with the same performance. The results thus suggest that the robot can extend human capabilities by assisting with microsurgical tasks at a greater spatial resolution than humanly possible. As a consequence, the robot may improve the safety of delicate microsurgical procedures at very high magnification, where human motor-skill is artificial and overall spaceorientation is also lost. In addition, given the well-known phenomenon of human tiring and loss of attention with increasing time, robotic assistance may benefit lengthy microsurgical procedures.
LARS has a relatively high stage resolution of 50 microns and positional accuracy close to 100 microns: two-thirds the size of smallest holes. Also, it has limited stiffness in its arm linkages. The new "steady hand" robot significantly increases the pick and place accuracy without significantly affecting the operator perception(from reported ease of use). Training is also likely to be a factor (as previous studies have also reported, e.g. [22] ), the users were mostly computer science graduate students with no robotic or microsurgical training. Their unfamiliarity with motions at this scale suggests that performance would improve with skilled and trained users.
Several other factors such as mistakes made in positioning the needle, spacing between sutures, etc are important quantifiers of surgical skill. These factors are difficult to evaluate without an automated testing platform. Further experiments in evaluating these and other parameters are planned. Table 4 . Average time between attempts (in seconds). The increase in time with new steady hand robot as a hand held manipulator may be due to the lack of training and the simple force proportional velocity control used.
LARS
5.
Summary
Several groups, including Davies ([10] ), Troccaz ([9] ), Peshkin ( [11] ), and ours have been exploring cooperative manipulation approaches to surgery. There have also been a number of telesurgical systems proposed for microsurgery (e.g. [19] , [20] , [21] ). This paper reports the first experiments we are aware of to quantitatively assess the performance enhancement of microsurgical manipulation using the cooperative approach.
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